We discuss an extension to the transmission mode of the cathode-lens-equipped scanning electron microscope, enabling operation down to the lowest energies of electrons. Penetration of electrons through free-standing ultrathin films is examined along the full energy scale, and the contribution of the secondary electrons (SEs), released near the bottom surface of the sample, is shown, enhancing the apparent transmissivity of the sample to more than 100%. Provisional filtering off of the SEs, providing the dark-field signal of forward-scattered electrons, was made using an annular 3-D adjustable detector inserted below the sample. Demonstration experiments were performed on the graphene flakes and on a 3-nm-thick carbon film. Electron penetrability at the lowest energies was measured on the graphene sample.
Introduction
The transmission electron microscope (TEM) is capable of imaging individual atomic columns and, at certain conditions, even single atoms in free-standing thin foils using electrons in the energy range of hundreds of kiloelectronvolts. The scanning TEM (STEM) mode is also operated in the same energy range, mostly in the form of an attachment to a TEM device. Significant effort has been invested in achieving high resolution, even at lower energies, where we obtain lesser radiation damage and higher contrast [1] . Even sub-Ångström resolution was presented at 20 keV in an aberration-corrected TEM [2] . Recently, even low atomic number materials, such as carbon structures and biological samples or polymers, can be imaged with high contrast and lateral resolution [3] [4] [5] .
Since about two decades ago, STEM attachments to the scanning electron microscopes (SEMs), which are normally used for imaging of bulk samples, started appearing more broadly [6, 7] . These are operated at energies that are usually available in the SEM, i.e., up to approximately 30 keV. Adequately thinner samples of 100 or 200 nm in thickness must be used in this case.
However, the inelastic mean-free path, which is primarily responsible for the electron penetration, starts steeply growing again below approximately 50 eV (see, e.g., [8] ).
This establishes an approach to operating the STEM at tens or units of electronvolts on samples of thicknesses around or below 10 nm. More than 40 years ago, Kanter published a possibility of transmission of 1.1-eV electrons through a self-supported gold film with a thickness of 20 or 5 nm [9] . One of the first experimental setups for the measurement of transmissivity through self-supported thin films was designed by Smith and Wells [10] . In order to avoid aberrations of lenses for the long wavelength of electrons at very low energies, they used a Blensless[ system in which the source of electrons (at units of electronvolts) was placed just 1 nm above the specimen and mechanically scanned across the surface while the transmitted signal was detected. Regrettably, no results obtained with this setup have been published. Thin films condensed on a metal substrate were examined using irradiation by a monoenergetic electron beam at energies below 30 eV via the signal transmitted through the surface layer into the underlying specimen and measured as the so-called absorbed current (see the overview of Sanche [11] ).
We made use of the advantages of the cathode lens (CL) principle [12] to obtain high lateral resolution in the SEM down to very low energies [16] . The microscope was equipped with the detector of not only reflected electrons but also transmitted electrons (TEs). Initial results have shown the method to be a powerful tool for the examination of ultrathin films [13] [14] [15] . This paper describes imaging of 3-nm carbon foils in the reflected and transmitted mode at low energies and with high-resolution imaging of the graphene [16] in both signals at very low energies.
Experimental
For experiments with scanned very-low-energy electron beams, an ultrahigh-vacuum (UHV) scanning low-energy electron microscope (SLEEM) has been developed with the operational vacuum on the order of 10 À10 mbar (see Figure 1) . The instrument consists of three vacuum chambers, of which one is intended for observation of the specimen, the second contains facilities for in situ preparation procedures, and the third chamber is the loading container of the airlock. The observation chamber is equipped with a field emission gun installed into a two-lens all-electrostatic electron column with an electronically variable aperture (FEI Company). The energy range of primary electrons spans the interval from 1 to 25 keV with the ultimate resolution limit of 12 nm at 25 keV and 0.1-nA beam current. The beam current can be increased up to 100 nA.
The device has been primarily used for observation of clean or even in situ prepared surfaces using the image signal of very slow reflected electrons. The all-electrostatic fully bakeable electron optical column has been completed with the CL [17] [18] [19] , that is, an immersion electrostatic lens in which the sample plays the role of cathode so it is biased to a high negative potential. The electrostatic field generated in this way retards the primary beam to an arbitrarily low landing energy. In this arrangement, the spot size is much less dependent on the landing energy, contrary to the conventional SEM where it enlarges proportionally to ðenergyÞ À3=4 . The CL serves as an aberration corrector, reducing the spot size versus energy slope to ðenergyÞ À1=4 in a worst case, leaving it nearly energy independent under specific conditions [17] . Thus, the CL-equipped SEM enables one to lower the landing energy without any significant loss in the image resolution. A resolution of 26 nm at 10 eV was obtained in this setup [20] . While the negatively biased specimen forms the cathode of the CL, the detector of electrons reflected to above the specimen serves as the anode on the ground potential. The detector consists of a coaxial bored single-crystal yttrium-aluminum garnet (YAG) disc of the outer/inner diameter of 10/0.3 mm, which is finely movable along all three axes. Primary beam electrons (PE) at a high energy of approximately 5 keV are retarded toward the specimen by its negative bias to their final landing energy ðE L Þ, whereas the signal electrons are collimated and accelerated to the detector by the same field of the CL. In this way, high collection efficiency, as well as high amplification of the detector, is secured down to very low energies.
Recently, the previously described device was extended to the TE mode by introducing a TE detector to below the sample. Because the UHV operation requires the sample to be loaded through an airlock, the TE detector, based on a silicon PIN diode of size 5 Â 5 mm (SD-61-2636), was integrated into the capsule of the airlock assembly. Signal electrons transmitted through the thin specimen are influenced by the same electrostatic field of the CL as the reflected electrons; therefore, high collection efficiency and high amplification of the TE detector are also obtainable down to the lowest energies. This simple design of the TE detector does not allow for mutual adjustment of the sample and diode, but the diode did not exhibit any important fluctuations in the local sensitivity; thus, any sample movements in the vicinity of the optical axis were not apparent in micrographs.
The basic experimental setup of the CL mode and detector assemblies is shown in Figure 2 , together with an example of the simulated trajectories of electrons reflected or transmitted at a few specific energies.
The STEM method at very low energies has been demonstrated on a 3-nm carbon film sputtered on a gilded carbon holey foil placed on a copper grid and on the mutually overlapped graphene flakes exhibiting some spots of the single graphene shell only. Higher magnification images were taken in the Nova** NanoSEM device is equipped by the CL mode and offers operation in the energy range of 50 eV-30 keV at a high lateral resolution (3.5 nm at 100 eV and 1.4 nm at 1 keV) [21] . In an experimental setup of this microscope, we were able to operate down to landing energies very near zero.
Results and discussions
Our preliminary experience with ultrathin free-standing films has crucially shown that the conductivity of the foil is sufficient for draining the charge injected by the illuminating beam [13] . Thus, first, we successfully checked the resistance Figure 1 Ultrahigh-vacuum scanning low-energy electron microscope equipped with the cathode lens and with the detectors of reflected and transmitted electrons.
of the carbon foil and graphene samples with respect to electron bombardment. This checking was made by acquisition of a series of micrographs throughout the full energy scale from a few kiloelectronvolts down to units of electronvolts. We did not encounter any problem with the conductivity of the specimen through the whole energy range, and the foils were also found safely adhered to the supporting grid, even when the specimen was immersed in a strong electrostatic field. We observed no influence of Bmicrolenses[ formed by the grid holes on the electron optical properties of the primary electron beam, in the final image. Figure 3 shows micrographs of the 3-nm carbon foil on a gilded carbon hole-filled foil placed on a Cu grid, which was obtained when acquiring the backscattered electrons (BSEs) and the TEs at Bmedium[ landing energies. At 3 keV, the carbon film is fully transparent, and even some signal passes the supporting foil. At 98 eV, we still obtain some transmissivity of the 3-nm carbon film. The BSE image enables us to distinguish between the sites covered by the film and the empty holes. Thus, we are able to reveal a peculiar phenomenon consisting of empty holes in the sample, which are darker than the neighboring layer. This would indicate the electron transmissivity of the film exceeding 100%. The effect appeared in the range of hundreds of electronvolts and was observed to be repeating itself systematically with all specimens under examination.
In the middle column of Figure 3 , we see the effect at 308 eV, where there is a large hole that is partially covered by the carbon film. As can be seen in the BSE images, the upper part of the hole is not covered by carbon (dark), but the lower Figure 3 Three-nanometer-thick carbon film on a gilded carbon hole-filled foil, placed on a Cu grid (sample provided by the University of Zurich). The primary beam energy was 6 keV; the landing energies (starting from the left) are 3,000, 308, and 98 eV. Micrographs are taken in the (upper row) reflected and (lower row) transmitted electrons. The experiment was conducted in UHV SLEEM. part is (bright). However, in the TE image (308 eV), the holes appear darker than the carbon-covered regions. An explanation involves the unscattered and forward-scattered electron signal, that is, the signal of the TEs from the illumination beam, which is significantly contributed by Bincoherent[ secondary electrons (SEs) released near the bottom surface of the sample. The detected yield of SE increases at low energies and exhibits its maximum just in the range of hundreds of electronvolts, similarly as it does with the SEs emitted to above the upper surface of a bulk specimen. The SE emitted from the bottom surface is released by both primary and scattered electrons penetrating to the near-surface layer through the rest of the specimen. These exciting species must have much broader energy and angular distributions than the primary electrons alone, which bombard the SE emitting layer near the upper surface. However, the SE emitted in the reflection mode from bulk specimens also contains SEII released by BSE upon their return toward the surface. When the energy of electrons decreases, one would expect in the emission from the bottom surface a higher proportion of SEII, which is released with primary electrons that had survived some scattering events. This is due to the progressively shortening mean-free path and the increasing rate of the elastic scattering that broadens the bundle of electrons penetrating the layer. Consequently, the signal from the bottom surface can be expected to be less defined and hence less capable of bearing any useful information, except a possible thickness contrast. This is why we call this signal contribution Bincoherent[ and consider it undesirable. Obviously, one has to be very careful with interpretation of the TE flux measured behind thin samples at medium and low energies.
Let us note that, although SEs are similarly generated in any STEM device, in the absence of a field between the sample and the detector, they are too slow to be detected. In our case, SEs are accelerated toward the TE detector to energy sufficient for the generation of the signal. However, at landing energies in and above the range of tens of electronvolts, the SEs are collimated near the optical axis, leaving the elastically scattered electrons concentrated in a broader bundle. This difference in trajectories, playing the role of energy dispersion, suggests that energy filtering to remove the SE signal is possible.
In order to suppress the SE contribution to the signal, an upgraded version of the TE detector was introduced. The TE detector was split into two concentric channels, similar to the way the bright-field and dark-field channels are arranged in a conventional STEM. This design enabled us to direct SE completely to the central channel (naturally together with a part of unscattered electrons of the bright-field signal), whereas the annular channel acquires the forward scattered electrons as the dark-field signal (see the simulated electron trajectories in Figure 2 ). The upgraded version of the TE detector with the PIN diode, which is already fully adjustable in all three directions, is inserted inside the sample capsule through a side opening. The proper diode has its central circular part of 1 mm in diameter etched off; thus, it is made Bblind,[ leaving undamaged correct functioning around the spot. Thus, we obtain functionless the central Bbright-field channel,[ but the retractable mechanism enables one to center the diode to the optical axis and to detect the sole dark-field signal free of SEs or to shift it off the axis and collect the complete transmitted signal, at least at tens and units of electronvolts [22] . Figure 4 shows a series of micrographs of the mutually overlapped graphene flakes, which were taken at very low energies. The reflected signal images serve to identify holes in the graphene.
An interesting property of a filmlike graphene is its transmissivity for electrons at various energies. These data may be important in applications utilizing the film as a support, e.g., for the point-projection electron microscopy at low energies [23, 24] . The transmissivity was measured below 30 eV in the total transmitted flux mode in several spots on the sample where only a single graphene shell could be expected. We found a transmissivity minimum at 10 eV and maximum at 5 eV, and then, the transmitted flux decreases toward 1 eV. Obviously, electron energy close to 5 eV (see Figure 4) is optimal when using the graphene as a transparent support for any electron microscopic or spectroscopic mode. However, anisotropy of slow-electron passage through graphene [25] has to be taken into account.
Figure 4
Graphene deposited on a supporting grid, shown in the reflected mode (BSE, upper row) and in the transmitted signal (TE, lower row). The primary beam energy was 6 keV; the landing energies (starting from the left) are 11, 5, and 3 eV. The specimen was provided by Geim from the University of Manchester as part of the EU STREP Project 028326. The experiment was conducted in the UHV SLEEM.
The graphene flakes were observed not only under UHV conditions; similar results were obtained under standard vacuum conditions in the commercially available SEM Nova NanoSEM. In this microscope, much better lateral resolution can be obtained than in the experimental UHV SLEEM previously described. Micrographs of the graphene flakes at a higher magnification are shown in Figure 5 in BSEs and TEs at the landing energy of 20 eV. The BSEs obviously offer the topographical contrast only, whereas the TEs exhibit essentially four grayscale levels, which may hypothetically be identified with the number of graphene shells locally overlapped.
Conclusion
The standard SEM and the low-energy electron microscope have been used to examine surface structures using reflected electrons. The CL principle with a negatively biased sample, which was used in emission microscopes, has been introduced in the SEM in order to work at an arbitrarily low energy. The anode of the CL, which was inserted above the sample, consists of a one-channel scintillation detector with a small central bore (0.3 mm) and collects reflected electrons accelerated in the CL field and collimated toward the optical axis. Another detector, based on the PIN structure, has been positioned below the sample and has acquired the signal transmitted through thin foils and similarly accelerated and collimated. In the very low energy range, we have relied on the inelastic mean-free path of electrons steeply extending below approximately 50 eV and, hence, on increased penetrability of electrons, at least through crystalline layers. The demonstration experiments have been conducted on the sample of overlapped graphene layers with some single-layer islands deposited on a supporting grid. Micrographs in the total transmitted signal at very low energies exhibit a very high thickness contrast, obviously sensitive to individual atomic layers. The energy dependence of the transmitted signal from the single-layer islands achieves the maximum transmissivity at 5 eV. The reflected electron micrographs are useful for navigation and to enable one to distinguish the thinnest areas from empty holes. Similar results have been obtained with a 3-nm foil of gold [13] . The maximum transmissivity (even higher than 100%) has been measured for multiple samples at landing energies around 300 eV. This effect has been explained on the basis of the SE emission released with primary and forward-scattered electrons penetrating sufficiently near the exit surface of the foil. Experiments have been performed in the experimental UHV SLEEM, and micrographs at higher magnification have been taken in the Nova NanoSEM.
Figure 5
Higher magnification micrographs of the structure shown in Figure 4 , imaged in an experimental setup of the Nova NanoSEM at the FEI Company, Brno, Czech Republic. The electrostatic field strength of the CL is 5 kV/5 mm, and the landing energy is 20 eV.
